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Abstract 
There are several monitoring challenges to demonstrate safe and long term storage of the CO2. In this study a 
methodology is proposed that uses well known interference well testing for monitoring the Above Zone Monitoring 
Intervals (AZMI). Advantages of this method are: (1) It helps to distinguish between the brine and CO2 leakage; (2) 
It can be used to detect low rate/ long term leakages that may not have a noticeable pressure signal as leakage starts 
and (3) It is designed in a time-lapse form so inherently many uncertain reservoir parameters cancel out in the 
calculations. 
Proposed methodology works on the premises of the fact that at any given depth brine and CO2 have different 
compressibility. This means that in a monitoring zone initially filled with brine any leakage of CO2 will change the 
total compressibility of the zone. If we assume that the fluids within the area of investigation have not been changed 
then calculated transmissibility and storativity should remain reasonably constant in repetitive tests. Results based 
on synthetic simulation models shows that this method can be used to detect CO2 leaks successfully. A generalized 
equation introduced here that can be used to estimate leak size for any given reservoir. Finally this new method 
applied to an actual reservoir model and showed that leak size can be determined with ±%15 error. 
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1. Introduction 
The storage of carbon dioxide (CO2) in geological formations is considered to be an effective remedy, when 
combined with other options like energy efficiency and renewable energy, to the atmospheric greenhouse gas 
emission problems.  However, being able to maintain the long term storage of CO2 is an important factor for every 
successful geological CO2 storage project. The fact that many geological CO2 storage sites could hold hydrocarbons 
for millions of years prior to hydrocarbon production and CO2 injection may induce the risky conception of over-
trusting these formations to securely store CO2 for geological time scales. Yet, the possibility remains that CO2 could 
seep out of these formations or leak into the overlying ground water aquifers. There are several possible leakage 
pathways such as wells, faults and fractures, and spillage beyond the limits of the confining layer that could allow 
for movement of CO2 from storage sites to the adjacent formations [1]. Due to the potential hazard it can pose to the 
environment and human health, being able to monitor/detect/prevent such leaks has attracted a great deal of 
attention.  
Many monitoring tools and techniques at pilot and field scale has been deployed over last decade to demonstrate 
pros and cons of each tool including down hole pressure measurements, down hole and distributed temperature 
measurements, vertical seismic profile, electrical resistivity tomography [2], gravity [3], 4D seismic, InSar for 
surface deformation, etc . 
In this study, we are focusing on application of down hole pressure measurements as it has been proved to be the 
cheapest option with bigger overall coverage for the monitoring area. We are proposing to use well-known 
interference well test as a simple, but rigorous, tool to analyze CO2 leakage. Interference well testing of injection or 
production wells ( or monitoring wells) is common practice and has been used for charectrization and getting base 
line properties in CO2 seuestration projects [4] 
In interference well testing, a pulse (by changing rate) in active (production or injection) well creates pressure 
interference in an observation well that can be analyzed for average reservoir properties. Multiple well testing has 
the advantage of generally investigating bigger area of reservoir than a single well test. Although it is a common 
belief that interference testing provides information about only the region between the wells, test results are actually 
influenced by a much larger region [5]. The minimum area investigated by an interference test between two wells 
located a distance, r, apart is obtained by constructing two circles centered on each well. This construction is based 
on the principle of reciprocity which states that the results of the interference test will be the same if the active well 
and observations well are interchanged. Since there is interference between the wells, the radius of investigation of 
each well is at least equal to the distance between the wells (Figure 1). The approximate area investigated is .
Fig. 1 Area of investigation for a well test experiment. Time-lapse monitoring of the compressibility would show if any CO2 has been leaked if 
the leakage is big and close enough. 
Note that although interference test is selected in this research because it is reliable and simple, depending on the 
situation, any other well testing method that is capable of estimating reservoir properties (especially storativity) can 
be used interchangeably. For example, in reservoirs with noticeable regional pressure trends use of pulse testing with 
minimize those effects. 
Our proposed analysis is based on change in transmissibility and storativity of the reservoir because of change of the 
nature of the fluids in the area of investigation of the test (brine has been replaced with more compressible CO2). 
This analysis is especially based on the difference of the brine and CO2 compressibility and viscosity at reservoir 
condition. Typically compressibility of CO2 and brine are 1-2 orders of magnitude different (Figure 2).  At the same 
 Seyyed A. Hosseini /  Energy Procedia  63 ( 2014 )  4459 – 4463 4461
time an analysis of the errors in measurements and tools has to be carried out to ensure that noises in the 
measurements are not mistaken with CO2 leakage. This would help to define the minimum detection threshold. 
Fig. 2 Difference between the brine and CO2 compressibility at different depths at various (a) geo-pressure gradients (b)  geo-thermal gradients.  
Tidal pressure analysis algorithms based on down hole high resolution pressure data (resolution less than 0.1 kPa) 
has been previously used to estimate the poroelastic property of the formations. Based on the results from pilot test 
in Nagaoka (1100 m deep), with total injection of 10,000 tonnes of CO2 over 550 days their algorithm will be useful  
only very close to the break through time and can’t show the CO2 saturation before it is really close to the 
monitoring well itself. Breakthrough time is in this pilot is at 340 days and changes in poroelastic parameter starts 
around the same time [6]. We are proposing to use pressure signals created by interference well test which has 
stronger signals and can be designed for the area of our interest. 
The approach employed in this study is to use reservoir simulation to develop a generalized reduced-order model 
that can be easily used to analyze the well testing data to detect CO2 leakage (qualitatively and quantitatively) in 
geological storage projects. Our results show that the model reduction approach used in this study generates a 
simple, and yet reasonably accurate model for monitoring CO2 leakage. Not only this method can warn us about the 
development of leakage plumes in CO2 storage sites, it is also capable of quantitatively analyzing the leak and 
estimating its size. 
In next sections we will introduce the generalized model and then apply this model to a synthetic field model to 
show it range and applicability.  
2. Generalized formula for CO2 leakage detection 
Based on our comprehensive analysis there are a number of factors that affect the compressibility response of the 
reservoir when CO2 leaks out of a geological storage site. This includes distance between the test wells, initial 
reservoir compressibility, reservoir porosity and reservoir depth. Here we introduce Relative Leakage Index (RLI)  
         (1) 
 which is in fact, a correlation to map compressibility of reservoirs with different characteristics into a simple 
unique straight line to find total amount of CO2 leakage (Q).  Here Q is leakage volume [m3],  gas formation 
volume factor [Rm3/Sm3], r distance between test wells [m],  CO2 compressibility at reservoir condition [Pa-1],
water compressibility at reservoir condition [Pa-1] and  is porosity. 
          (2) 
Where  
           (3) 
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Plot of RLI versus dimensionless compressibility (Eq. (3)) is a linear line that would allow us to use the results of 
the well test analysis to directly estimate the leakage size. A simple straight line can be used to explain the behavior 
of total compressibility as a factor of total leaked CO2 volume, initial reservoir total compressibility (this is where 
effect of depth of reservoir is included), porosity, test well distance, and fluid compressibility. This line can be used 
to predict CO2 leakage in an unknown case given that fluid and reservoir properties are known (Figure 3).  
Fig. 3 Relative Leakage Index (RLI) can be used to predict CO2 leakage size in different reservoirs. Each point on the figure belongs to a 
formation with different static property of the other ones. 
Relation to the distance ( ) derived here is comparable to the theoretical  term for the area of investigation 
for multiple well interference test  [7]. In next section we apply our generalized model to estimate the leak size for a 
reservoir scale model. Data for model is obtained from typical Miocene sands in Gulf of Mexico. 
3. Case study  
In this section, we will evaluate the performance of the presented model on a real reservoir model, with 
properties very different from that of the reference model, to see how reliable our model would be to predict the 
amount of CO2 leakage. Drainage area of the reservoir is 10240 acres. Reservoir thickness is considered to be 80 ft 
and the model is composed of 112×103×16 grid blocks. Reservoir is considered to have a constant porosity of 0.15, 
permeability of 70 mD, and rock compressibility of 3×10-6 psi-1. Reservoir is initially saturated with water where 
initial pressure is 2800 psi and initial temperature is 110 oF. CO2 leakage process was simulated by injecting CO2 in 
the top portion of reservoir. We have injected (leaked) 50,000 tons of CO2 in this formation. Considering %99 
retention at storage reservoir this equals to storage capacity of 50 million tones in underlying storage formations. 
CO2 is injected into the top portion of the reservoir using an injection well “INJ-1”. Injection has continued for 120 
days with a constant rate of 68392 cf/D. Wells located 3200, 6000, and 8000 ft away from each other around the 
leakage site (“PROD-1” to “PROD-4” in Figure 4) are used for well testing. 
Fig. 4 (a) Case study field used to evaluate the accuracy of the current model covers an area of 10240 Acres (4 miles in 4 miles) with reservoir 
thickness equal to 80 ft. (b) The extent of CO2 plume (red grid blocks) relative to the test wells. 
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Pressure responses in the observation well will be recorded and analyzed to calculate the total compressibility of 
the reservoir before and after CO2 leak. Using this compressibility data, dimensionless total compressibility will be 
calculated and from there, we can back calculate the total CO2 leakage in the reservoir from equation 1. Using the 
method discussed earlier, we have estimated the size of CO2 leak for three different test well distances. Results of 
our calculation along with the corresponding error are shown in Table 1. Note that the leaked CO2 has mostly been 
accumulated around the injection well and no CO2 has reached the observation wells.   
 Table 1—Comparison of the actual and estimated plume size with the model presented in this work   
Test well distance, ft Actual plume size, tones Estimated plume size, tones Error, %
3,200 50,000 47,600 -4.7 
6,000 50,000 56,600 13.2 
8,000 50,000 42,500 -14.9 
Comparison of the estimated values with the actual CO2 injection shows that the current model is capable of 
estimating the size of CO2 plume with a reasonable accuracy. It is important adding that although the current model 
provides a promising means of evaluating CO2 in the above zone monitoring intervals, some limitations and 
restrictions may apply while using this method. The current model is developed based on the assumption that the 
leakage, if present, is located between the testing wells. This assumption is not that bad as we would design our 
monitoring network of the wells such that regions with high leakage risk would not be completely out of our area of 
investigation.  
4. Conclusions  
In this study application of pressure transient analysis (interference well test) as monitoring tool is proved to be a 
promising approach. Our results show that multiple well testing, and specifically interference test, provides a 
powerful tool to monitor brine aquifers overlaying CO2 storage sites by detecting any change in reservoir storativity, 
which can indicate a possible leakage from the storage zone. The current method provides a powerful tool to 
estimate the size of CO2 leak by comparing the total compressibility before and after leakage. In this study, we 
developed a generalized formula to map different compressibility data into a unique straight line. This would allow 
us to use this model for monitoring any reservoir (at any given location, depth and with any static parameters). This 
method is very promising as it is cheap (compared to other methods), has a large area of coverage and is well 
understood by industry. In addition “time lapse” nature of this method inherently cancels out the uncertainties in 
original reservoir parameters making this method even more powerful. 
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